The effect of compositions of host precursors on the afterglow and phosphorescent decay properties of Eu 2+ -and Dy
I. INTRODUCTION
The SrAl 2 O 4 :Eu 2+ ,Dy 3+ phase with ␤-tridymite type structure 1 was reported to exhibit long persistent bluishgreen phosphorescence and has been considered as a useful green phosphor in the application of luminous watches and clocks. 2 O 6 , only the first three were found to exhibit long-lasting phosphorescence with emission peaking at wavelengths of 520, 480, and 400 nm, respectively. 4 On the basis of the investigation on the phosphorescence (or afterglow), thermoluminescence, and photoconductivity characteristics of polycrystalline SrAl 2 O 4 :Eu 2+ ,Dy 3+ , Matsuzawa et al. 3 suggested a mechanism indicating that the phosphorescence is ascribed to the presence of holes and to the trapping and thermal release of holes by Dy 3+ ions in the system. Katsumata et al. were able to grow Eu 2+ -and Dy 3+ -coactivated strontium aluminate crystals with different Sr:Al compositions by floating zone techniques. 4, 5 Katsumata et al. further investigated the effects of Al/Sr mole ratio (from 2.05 to 2.22) and Dy/Eu mole ratio (from 0 to 3.55) on the phosphorescent properties (i.e., spectra and afterglow characteristics) of SrAl 2 O 4 :Eu 2+ ,Dy 3+ crystals and concluded that em of 520 nm attributed to Eu 2+ ions did not vary with the compositions. 5 On the other hand, Yamamoto et al. investigated the mechanism of long phosphorescence of polycrystalline MAl 2 O 4 :Eu 2+ ,R 3+ (M ‫ס‬ Sr, Ca; R ‫ס‬ Dy, Nd) phases and reported that long-lasting phosphorescence in both phases is attributed to the 4f 6 5d → 4f 7 transition of Eu 2+ and to the holes thermally released from the trap levels with optimal depth formed by Dy 3+ or Nd 3+ in the band gap of the hosts. 6 Jia et al. ,Dy 3+ single crystals. 7 Their results indicated that the trapping rate of Dy 3+ ion is fast with efficiency of ca. 40% at ambient temperature and the decay curve of afterglow is nonexponential and could not be explained simply by thermally activated detrapping processes. Hole transport rate was reported for the first time to be an important factor in persistent phosphorescence. 7 On the other hand, Sakai et A p p a r e n t l y , l o n g -l a s t i n g p h o s p h o r e s c e n t MAl 2 O 4 :Eu 2+ ,Ln 3+ (M ‫ס‬ Ca, Sr, Ba; Ln ‫ס‬ rare earth ions) phases have been of great interests and have been actively investigated from the perspectives of both materialistic and mechanistic research. Thus, in an attempt to develop recipes for long-lasting phosphorescent phosphors with higher brightness and longer afterglow characteristics and obtain optimal materials parameters for applications of these materials, we have extended Katamatsu and co-workers' investigations on the effect of host compositions on the afterglow properties of SrAl 2 O 4 :Eu, Dy. In this paper we have identified the host phases in SAED phases synthesized from sol-gel precursors with Al/Sr ratio ranging from 1 to 12 on the basis of the XRD data and we also reported their phosphorescence spectra and afterglow decay rates as functions of excitation wavelengths and host compositions.
II. EXPERIMENTAL
A series of Eu 2+ -and Dy
3+
-coactivated strontium aluminates (SAED) with Al/Sr mole ratios of 1, 1.5, 2, 2.5, 3, 3.5, 4, 5, 7, 9, 10, 11, and 12, respectively, were synthesized by sol-gel method without adding fluxes, and the detailed synthetic conditions was reported elsewhere. 12 Briefly, we prepared solution I by dissolving 10 g of aluminum isopropoxide (98%, Strem Chemicals, Newburyport, MA) in 100 ml of 2-methoxyethanol (99%, Merck, Darmstadt, Germany) by refluxing at 110°C for 1 h. On the other hand, we prepared solution II by dissolving nitrates of Sr, Eu, and Dy (all 99.9%, Aldrich Chemicals, Milwaukee, WI) with stoichiometry of 1:0.05:0.05 in a mixture of 2-methoxyethanol and deionized water in 50:50 v/v proportion. To avoid the hydrolysis of cations alkoxides before mixing, we added 6.5 g of ethyl acetoacetate (EAA) into solution I as a chelating agent before mixing of solutions I and II. Solutions I and II were then well mixed by constant stirring and kept in an ice bath to activate the formation of gels.
Several trial stoichiometries of Sr:Al:Eu:Dy were attempted in the synthesis, and the optimal stoichiometry was reported elsewhere. 12 However, the molar stoichiometry leading to the formation of SrAl 2 O 4 :Eu,Dy adopted in this work is 1:2:0.05:0.05 for Sr:Al:Eu:Dy. The SAED phases with nominal compositions for Sr:Al:Eu:Dy were represented as 1:x:0.05:0.05 (x ranging from 1 to 12, respectively).
The resulting white gels then were dried at 80 to 120°C for 5 h, heated at temperature between 500 and 1200°C for 10-24 h, respectively, and finally reduced at 1300°C under an atmosphere of 5% H 2 /95% N 2 for 1 h to ensure the complete conversion of Eu 3+ to Eu 2+ . The synthetic conditions for all SAED samples investigated in this work are summarized as a flow diagram and shown in Fig. 1 A small portion (20 mg) of resulting gels was dried at 150°C and characterized by differential thermal analysis (DTA) by using a Du Pont thermal analysis (TGA) system (Du Pont Instruments, Wilmington, DE) with a heating rate of 5°C/min. The x-ray diffraction (XRD) profiles for SAED phases were collected by using a MAC Science MXP-3 automatic diffractometer (MAC Science Co., Tokyo, Japan) with a graphite-monochromatized and Ni-filtered Cu K ␣ radiation. Special caution was taken to make sure that no starting material or any other impurity phase was identified in the XRD profiles. The morphological investigations of the as-prepared polycrystalline SAED phases were carried out by using a CamScan 4D scanning electron microscope (SEM; CamScan Electron Optics Co., Cambs, U.K.).
Measurements of afterglow curves were performed on a Shimadzu RF-5301PC spectrophotometer (Shimadzu Co., Tokyo, Japan) equipped with a 150-W xenon lamp as an excitation source and a Hamamatsu R928 type photomultiplier (Hamamatsu Photonics, Hamamatsu, Japan) as a detector. The phosphor powders were compacted into a homemade cylindrical dish groove (10 mm diameter × 5 mm length) of a holder that was then transferred to the spectrophotometer. Prior to the measurements of afterglow curves and afterglow decay profiles, the SAED samples were stored in a dark chamber for 8 h to avoid the interference from preactivating light. The SAED samples were then irradiated with ultraviolet with excitation wavelength ( exc ) of 270 and 360 nm for 30 min, respectively. The initial intensity of afterglow defined as I 0 was measured approximately 1 s after the excitation was terminated. Furthermore, the timedependent afterglow decay intensity (I) for SAED samples, preirradiated with ultraviolet ( exc ‫ס‬ 360 nm) for 30 min, was measured at specified peaking wavelength maxima of afterglow ( AG ) (shown in Table I ) in a dark chamber with the excitation source turned off.
III. RESULTS AND DISCUSSION

A. Sol-gel synthesis
As indicated in Fig. 1 , the SAED phases can be synthesized via a novel sol-gel route at ca. 1200°C that is lower than that (i.e., 1400 to 1600°C) adopted by solidstate reactions without adding fluxes 13, 14 or that (1100 to 1500°C) adopted by synthetic routes with addition of B 2 O 3 . 15 The addition of ethylacetoacetate into solution I prior to the mixing of solutions I and II was attempted to inhibit the undesirable precipitation of gelatinous Al(OH) 3 due to hydrolysis of aluminum isopropoxide by forming metal chelates. 16 
B. DTA and TGA studies
To study the formation of SAED phases during heat treatment and determine the effective processing conditions for synthesis, we have characterized the products derived from the sol-gel route by differential thermal analysis (DTA) and thermogravimetric analysis (TGA). The DTA and TGA profiles are summarized and shown in Fig. 2 . The evaporation of 2-propanol and absorbed water was observed to occur in the range of 80 to 250°C. Furthermore, there exists an apparent endothermic peak at 595.4°C that could probably be attributed to the formation of SrCO 3 and Al(OH) 3 (in minor proportion), as indicated by XRD profile analysis. At higher temperature, a descending curve in the TGA profile was found in the range of 620 to 700°C that was attributed to the decomposition of SrCO 3 . In addition, a broad exothermic zone occurring in the range of 800 to 1200°C in the TGA profile was interpreted as an indication for the formation of the SrAl 2 O 4 phase. condition (b), as indicated by the XRD profiles represented in Fig. 3 . On the contrary, SrAl 2 O 4 (major) and SrAl 12 O 19 (minor) were found in the sample derived from condition (c). In particular, as indicated by the XRD profile shown in Fig. 3(d) , the sample synthesized under condition (d) shows the formation of ␤-tridymite type SrAl 2 O 4 that exhibits much higher crystallinity than those prepared via the sol-gel route. The identity of the host for the SAED phases synthesized from the sol-gel process (illustrated in Fig. 1 ) and the corresponding peaking wavelength of afterglow ( AG ) for SAED derived from precursors with different Al/Sr ratios are summarized in Table I . We have also investigated the effect of Al/Sr ratio on the formation of SAED and the relevant XRD profiles for different SAED phases with nominal Al/Sr molar ratio ranging from 1 to 12 are shown in Figs. 4 
D. Comparison of microstructure
The SEM micrographs for SAED phases derived from the sol-gel route and from a solid-state route are compared and shown in Fig. 6 , respectively. As indicated in Fig. 6(a) , irregularly spherical grains with size of several tenths of a micron to several microns were observed in the sol-gel derived SAED phases. On the other hand, still irregular yet larger grains were found in the specimen prepared via a solid-state route. We did not observe a great difference in both the grain size and morphology for the SAED phases synthesized from different routes.
E. Afterglow curves and afterglow decay rate
As indicated in Table I , the peaking wavelengths of broad afterglow band ( AG ), attributed to the typical 4f 6 5d 1 → 4f 7 transition of Eu 2+ , was found to increase systematically from 488 nm (Al/Sr ‫ס‬ 8 to 12) to 508 nm (Al/Sr ‫ס‬ 1) with decreasing Al/Sr molar ratio. Furthermore, the afterglow curves for SAED phases derived from the solid-state route with Al/Sr ratio of 2 and from gel precursors with different Al/Sr ratios (i.e., 1, 2, and 12) are represented and compared in Fig. 7 , respectively. The host of SAED phases has also been identified on the basis of the XRD profile analysis and shown in Table 1 to rationalize the dependence of AG on the Al/Sr molar ratio. As shown in Fig. 7 ,Dy 3+ phases since only these three SAED phases were found to exhibit apparent afterglow behavior. 4 The observed discrepancy in the shifting of AG 's among the three SAED phases may probably be attributed to the difference in the strength of crystal field for Eu 2+ ions located in different environments, which were inherited from different preparation routes. The SrAl 2 O 4 :Eu 2+ ,Dy 3+ synthesized from the sol-gel processes was found to be less crystalline than that prepared by solid-state reactions, as indicated by the XRD profiles shown in Figs. 3(c) and 3(d) . Therefore, the variation of Eu 2+ coordination environment and the difference in strength of crystal field for Eu 2+ ion in SAED are considered to be significant to influence the observed AG 's qualitatively. has been known to be very sensitive to the change of crystal field strength, and thus, it tends to be easily split into sublevels depending on the strength of the crystal field. 19, 20 When Eu 2+ substitutes Sr
2+
, the anions experience different field strength in the two Sr 2+ sites. The energy levels of 4f 6 5d state are perturbed by different degrees, resulting in different energy separations between ground and excited states. Furthermore, with increasing crystal field strength the luminescence from these sublevels can vary from blue to red in the visible spectral region.
R e g a r d i n g t h e a f t e r g l o w m e c h a n i s m f o r SrAl 2 ,Dy 3+ present in SAED phases synthesized from precursors with different starting Al/Sr ratios, as indicated by Table I . Furthermore, the range of Al/Sr ratio (i.e., from 1 to 12) adopted in our work to synthesize the SAED phases was much wider than those (i.e., from 2.05 to 2.22) investigated in the work of Katsumata et al. 4 The afterglow decay as functions of Al/Sr ratio and excitation wavelength ( exc ) for SAED phases, respectively, was investigated, and the results are shown in Fig. 8 . As the Al/Sr ratio varies from 1 to 12, the individual I 0 was observed to increase and reach a maximum at Al/Sr ratio of 2 to 3 and then to drop drastically for exc of 270 and 360 nm, respectively. However, considering the excitation efficiency of ultraviolet induced afterglow in the SAED phases with a given Al/Sr ratio, we have found that the exc of 270 nm appeared to be more efficient than that of 360 nm. The decay rate of persistent phosphorescence (afterglow) intensity was investigated and represented in Fig. 9 by plotting reduced intensity log(I/I 0 ) against time for SAED phases derived from gel precursors with different Al/Sr ratios. For a given time the log(I/I 0 ) was found to increase with increasing Al/Sr ratio, as indicated by the decay rate curves shown in Fig. 9 . The decay rate of afterglow was found to be fastest for the sample with Al/Sr ratio of 1:1, in which Sr 3 Al 2 O 6 dominated, whereas that for samples with the Al/Sr ratio in the range of 2:1 to 12:1, in which SrAl 2 O 4 and SrAl 12 O 19 dominated, was found to be similarly slow. Interestingly, the decay rates are similar for SAED phases exhibiting different crystallinity, regardless whether the samples were prepared by the solid-state or sol-gel method.
The decay process of SrAl 2 O 4 :Eu 2+ ,Dy 3+ was reported to be complicated and considered to consist of three regimes by Katamatsu et al. 4, 5 and Jia et al. 7 However, the analysis of the phosphorescence decay process observed in this work is even more complicated by observing the presence of several SAED phases in the hosts, derived from various starting Al/Sr ratios ranging from 1 to 12 in the gel precursors, as revealed in Table I . Unless the relative fraction of each SAED phase present in the hosts can be determined unambiguously, our analysis on the phosphorescence decay mechanism will be extremely difficult if not impossible.
Furthermore, the afterglow decay curves observed in our work appear to indicate different modes of decay mechanisms in different time ranges that could be attributed to the presence of hole traps with different depths and/or, presumably, to the different densities of the traps. 9 Furthermore, whether the decay curves can be deconvoluted and fitted with an equation consisting of three exponential terms from which decay lifetimes are derived 4, 5 is currently under investigations in our group.
IV. CONCLUSIONS
We have demonstrated a successful synthesis of a series of Eu 2+ -and Dy
3+
-coactivated long phosphorescent SAED phases from the precursors with different starting Al/Sr stoichiometries via a novel sol-gel route. The effects of host composition and excitation wavelength on the afterglow properties for the SAED phases were systematically investigated. The phase equilibria for the formation of SAED phases were investigated on the basis of XRD profile analysis. The initial afterglow intensity (I 0 ) for SAED phases was found to vary with Al/Sr ratio (i.e., from 1 to 12), with a maximal I 0 appearing in the sample with Al/Sr of 2. The afterglow decay rate was also found to be fastest for the sample with Al/Sr ratio of 1:1, whereas that for SAED with other Al/Sr ratios are all similarly slowly. However, the mechanism of afterglow decay process is complicated and difficult to analyze unambiguously due to the presence of various SAED phases in the host.
